S
caphoid fractures are common, particularly among men in the third and fourth decades of life [1] [2] [3] [4] [5] . These fractures can result from simple falls from a standing height onto an outstretched hand or from higher-energy mechanisms such as motor vehicle collisions.
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historically used as a diagnostic reference 16 . Some have suggested that fractures that were only visible on follow-up radiographs were incomplete and would heal without immobilization 17, 18 , but more recent evidence indicates that missed occult fractures make up a large portion of eventual nonunions 19 . In recent years, more advanced imaging modalities, such as computed tomography (CT) and magnetic resonance imaging (MRI), have been used in the diagnosis of scaphoid fractures when initial radiographs are negative 6, 7, [9] [10] [11] [12] 16, [20] [21] [22] [23] [24] . These modalities have high sensitivity and specificity (compared with radiography at the time of follow-up as the reference standard) and can help avoid unnecessary immobilization, radiography, and follow-up visits, but are associated with increased costs at initial presentation 7, 8, 10, [25] [26] [27] [28] . Several studies have looked at the relative costeffectiveness of imaging compared with cast immobilization, but have done so on a limited basis, using small sets of data from a single institution, without accompanying sensitivity analyses 27, 28 . The purpose of this study was to use formal cost-effectiveness principles to evaluate the diagnostic scenario of a patient with a suspected scaphoid fracture in the setting of negative radiographs, comparing empiric cast immobilization and early followup to immediate advanced imaging. We hypothesized that the 18, 2015 increased costs of advanced imaging would be offset by the future savings of decreased immobilization and less need for shortterm follow-up. . Costs were calculated from a societal perspective and were expressed in 2014 U.S. dollars. An incremental cost-effectiveness ratio (ICER) cutoff of $100,000/quality-adjusted life-year (QALY) was chosen, as that is widely accepted as the modern cutoff for return in value per health-care dollar spent 31 .
Materials and Methods

Model Design
A decision tree model was created and was analyzed with use of decision analysis software (TreeAge Pro). The model was constructed for evaluation of three diagnostic strategies: (1) empiric short arm cast immobilization for all patients, with an orthopaedic follow-up visit and repeat radiographs at two weeks for definitive diagnosis; (2) immediate CT; or (3) immediate MRI. For patients undergoing advanced imaging, a positive study was considered a definitive diagnosis, and patients were treated accordingly. For those patients with a negative result on advanced imaging, no further evaluation or treatment was performed and they were discharged without formal follow-up care being scheduled.
Our analysis accounted for a potential false negative rate of advanced imaging (fractures missed and inappropriately discharged), which was modeled on the basis of test performance characteristics. A given percentage of those missed fractures were modeled to progress to symptomatic nonunion, at which time they would undergo surgical fixation. The success of surgical fixation was also taken from literaturereported rates, with those who had failed surgery modeled to progress to lifelong wrist arthritis. A schematic version of the model algorithm is shown in Figure 1 .
Model Inputs
Imaging Test Characteristics
For the purposes of this model (Table I) , two-week radiographs in patients undergoing immediate empiric cast immobilization were assumed to be 100% accurate for diagnosis of scaphoid fracture. Sensitivity and specificity of CT and MRI for detection of occult scaphoid fractures were based on three recent metaanalyses, two of which used latent class analysis, which is felt to be a more accurate estimate of the true diagnostic performance given varying reference standards 16, 32, 33 . For our base case, we used the mean values of sensitivity and specificity for CT and MRI based on the latent class analysis by Yin et al. 33 . For our model sensitivity analysis, we used the lowest and highest values described in the 95% confidence intervals over all three articles (Table II) .
Clinical Outcome Probabilities
The chance of having a scaphoid fracture in the setting of a concerning examination but with negative radiographs is reported in the literature as between Table I. 1862 . USD = United States Dollar, NZD = New Zealand Dollar, GBP = Great Britain Pound, and AUD = Australian Dollar. †The values were given as the mean cost in dollars with or without the standard error.
5% and 26% [6] [7] [8] [9] [10] [11] [12] . For the reference case, the weighted average of these values (12%) was used, with values between 5% and 26% tested in sensitivity analysis. All occult fractures that were identified (regardless of whether they were identified on follow-up radiography or immediate MRI or CT) were assumed to be treated equivalently and have identical clinical outcomes. For occult fractures missed by CT or MRI and left untreated, the rate of symptomatic nonunion requiring surgery is not known. However, the rate of nonunion of nondisplaced fractures (visible on radiographs) that are treated with immobilization is 5% (range, 0% to 12%) 34 . Based on these numbers and expert opinion, we assumed that the rate of symptomatic nonunion for untreated occult fractures was unlikely to be more than twice the highest reported rates, so a nonunion rate of 25% was used as the upper bound of the sensitivity analysis.
Patients with symptomatic nonunion were all assumed to undergo surgical fixation. Success rates for these operations are varied, but are generally reported to be from 90% to 100% [35] [36] [37] [38] [39] [40] [41] , so an operative success rate of 90% requiring twelve weeks of postoperative immobilization was used for the base case. Patients undergoing an unsuccessful surgical procedure for nonunion were assumed to progress to wrist arthritis with decreased health utility states as described below.
Costs
The main cost inputs in the immobilization and follow-up branch were those associated with cast application, orthopaedic follow-up, repeat radiography, and lost worker productivity while immobilized. The main cost inputs in the advanced imaging branches were the cost of MRI or CT, the direct cost associated with operative treatment of a symptomatic nonunion, and the lost productivity associated with postoperative immobilization.
Costs for cast application, specialist clinic follow-up, follow-up radiography, MRI, and CT were based on literature-reported values and are shown in Table I . A full breakdown of the different values in the literature and conversions to contemporary U.S. dollars is shown in Table III .
To our knowledge, the direct costs of fixation of scaphoid nonunion are not available in the peer-reviewed literature. However, there is a larger body of literature for acute fixation of scaphoid fractures, with direct costs ranging from $1800 to $4500 7, [42] [43] [44] . We estimated that a revision surgical procedure was unlikely to be more than twice as expensive as primary fixation, so we used $5600 as the base case with a range of $3600 to $9000.
Lost worker productivity and wages were estimated with use of the U.S. Bureau of Labor Statistics reported mean wage for 2013 45 and were adjusted to 2014 46 U.S. dollars based on a forty-hour work week, which resulted in the cost of a day of missed work of $179. Although some patients would be unable to return to work while immobilized, the literature suggests that many are able to return to work in a cast. Prospective studies have shown that patients empirically placed in a cast missed a mean time of five additional days of work compared with those with negative advanced imaging who were not immobilized, which was the value used in our analysis 11, 25, 27 . Similarly, after surgical fixation of scaphoid nonunion, it was assumed that patients missed approximately nine weeks of work, which has been shown to be the mean time missed after scaphoid fixation in other economic studies 13, 34, 35, 39 .
Health Utility States
Utility was modeled to evaluate the temporary loss of utility while undergoing cast immobilization prior to follow-up radiography and the permanent loss of utility resulting from a failed nonunion surgical procedure leading to wrist arthritis. Values were chosen on the basis of those established by Davis et al. 34 , which were developed specifically with this clinical population in mind, and are shown in Table I .
Sensitivity Analysis
Sensitivity analysis was performed to evaluate the uncertainties in key parameter values. One-way sensitivity analysis was performed for all values within the ranges shown in Table I . Multiway sensitivity analyses were also performed on imaging costs, imaging sensitivities, and nonunion rates and surgical success rates.
Source of Funding
There was no external funding source for this investigation.
Results
Reference Case
F or the base case, immediate advanced imaging was the preferred strategy, resulting in the lowest total cost with a high utility score (Table IV) . Immediate MRI had very slightly higher utility (0.003 QALY higher) than CT along with higher costs, resulting in an ICER of $41,000/QALY. Immediate cast immobilization had the highest total expense and the worst total QALY scores (i.e., was dominated by both advanced imaging modalities). For immediate CT and MRI, the percentage of patients who had a fracture missed on imaging and a symptomatic nonunion that failed operative treatment was <0.027% for CT and <0.004% for MRI. In other words, for every 3700 to 25,000 patients screened with advanced imaging, approximately one additional patient would have an occult fracture that eventually went on to nonunion and arthritis compared with empiric cast immobilization treatment.
Sensitivity Analyses
In all of the one-way sensitivity analyses, in which parameters were varied according to the ranges listed in Table I , advanced imaging remained the cost-effective strategy. Of note, even when the cost of missed work was removed, advanced imaging was still more cost-effective than empiric cast immobilization and follow-up radiography, with an ICER of $6500/QALY.
The effect of the cost of advanced imaging on model conclusions was also evaluated with use of multiway sensitivity analysis. Under base case conditions, the sensitivity of CT would have to increase to >91% or the cost would have to drop below $220 to outperform MRI (at an ICER of $100,000/ QALY). Both CT and MRI would have to increase in cost to >$1200 to be more expensive than the empiric cast immobilization strategy and to increase to >$2000 to be less cost-effective.
Additionally, the combined effect of nonunion rate and nonunion surgical procedure success rates was explored and is shown in Figure 2 . At an ICER of $100,000/QALY, the cumulative risk of both going on to nonunion and nonunion surgery failing would need to be >56% for cast immobilization to be more costeffective than advanced imaging. 
Although the diagnostic accuracy of CT and MRI is well documented, broad sensitivity analysis was also conducted on the sensitivity of both tests and is shown in Figure 3 . Empiric cast immobilization only becomes cost-effective when the sensitivities are both <25% for CT and <32% for MRI. Throughout the tested range, the sensitivity for MRI needs to be approximately Two-way sensitivity analysis of the probability of nonunion and the probability of a successful surgical procedure. As the probability of an untreated fracture progressing to symptomatic nonunion increases and the modeled success rate of surgical fixation decreases, cast immobilization can become the cost-effective option in extreme cases. Two-way sensitivity analysis of CT and MRI sensitivity. When both CT and MRI are relatively insensitive (<25% for CT and <32% for MRI), empiric cast immobilization is a cost-effective diagnostic choice. For all other values, advanced imaging is more cost-effective. MRI is more cost-effective if its sensitivity is >5% greater than that of CT.
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5% higher than that of CT for MRI to be the advanced imaging strategy of choice. The cost of a surgical procedure for nonunion and the lifetime cost of progressive wrist arthritis were also evaluated in a series of one-way sensitivity analyses. For empiric cast immobilization to be less expensive than advanced imaging, the cost of a surgical procedure for nonunion would have to be >$776,000.
The utility loss from chronic wrist arthritis was also examined and is shown in Figure 4 . Based on the reference case values, once the utility loss from chronic arthritis is >0.1, MRI becomes more cost-effective than CT, and empiric cast immobilization was not more cost-effective than advanced imaging for any level of utility loss. Finally, when evaluating the loss of quality of life from arthritis in addition to monetary costs, the total lifetime burden from progressive wrist arthritis would have to be valued at >$17 million for empiric cast immobilization to be cost-effective.
Discussion
T he diagnostic dilemma presented by a patient with a history and examination concerning for scaphoid fracture but negative radiographs is a challenging one. As imaging modalities improve, we need to frequently reassess our testing algorithms, taking into account imaging performance, testing cost, and the costs and consequences of these frequently missed injuries.
In this model, advanced imaging was the dominant strategy in nearly all scenarios for several reasons. First, the sensitivity and specificity of both CTand MRI are very high and the imaging costs are comparable with the cumulative costs of cast immobilization, a follow-up office visit, and repeat radiographs. Adding the lost wages and morbidity associated with empiric immobilization makes advanced imaging much more favorable and the increased initial costs more palatable.
Historically, this decision-making process has been dominated by concern for the negative sequelae of a missed fracture. Given the relative insensitivity of radiographs in the acute setting [6] [7] [8] [9] [10] [11] [12] [13] , empiric cast immobilization of the clinical scaphoid fracture was easily justified. However, both CTand MRI are much more sensitive than radiographs. Combined with a relatively low initial prevalence of occult fracture and effective surgical options for nonunion, the number of patients who go on to have clinically important complications is exceedingly small (1 per 5000 to 25,000 in this analysis). Balanced against the certainty of needless immobilization, office visits, and follow-up imaging for many, advanced imaging emerges as a superior strategy.
The decision between CT and MRI is less clear. On the basis of the costs and performance characteristics used in this study, MRI may be a slightly more cost-effective diagnostic modality due to higher sensitivity at slightly increased costs compared with CT. However, this is highly sensitive to the input values for the performance characteristics of both tests. Additionally, newer, faster, scaphoid-specific CT and MRI sequences are being developed that may have improved performances that Sensitivity analysis of utility loss of arthritis. The ICER varies as a function of the modeled utility loss of long-term arthritis. Costs are given with respect to the least expensive case (CT). Empiric cast immobilization is always more expensive with worse total health utility outcomes. When the utility loss is <0.1, CT is more cost-effective. When utility loss from arthritis is >0.1, MRI becomes more cost-effective than CT, crossing the cutoff threshold of $100,000/QALY. 18, 2015 could affect these conclusions 8, 13, [47] [48] [49] . As new data are generated, newer protocols should be continually reevaluated against these standards.
The major strengths of this analysis arise from the high level of evidence of data utilized, the large number of studies incorporated, and the robust results found over a wide range of sensitivity analyses. In order not to overestimate the benefits of immediate advanced imaging, our assumptions were generally biased toward empiric cast immobilization whenever possible. First, we assumed perfect accuracy of two-week follow-up radiographs, although many studies have found that up to 40% of two to three-week follow-up radiographs can be misinterpreted, potentially resulting in missed fractures 11, 16, 21, 22 . The inclusion of these patients would raise the cost and morbidity of the empiric treatment group, which would only amplify the advantage of immediate advanced imaging. In addition, we overestimated prevalence, cost, and morbidity associated with nonunion and arthritis and underestimated missed work from immobilization. Despite these assumptions, advanced imaging continued to be the dominant strategy.
The objective evaluation of different diagnostic strategies for scaphoid fractures has also been historically muddled by the lack of a clear consensus on a reference standard. We chose follow-up radiography in our study as the reference, although many may also consider CT or MRI to be emerging as a viable reference standard as well. This is one of the benefits of using latent class analysis to estimate diagnostic performance, as it allows sensitivity and specificity to be determined from data across multiple studies where nonuniform reference standards may have been utilized. It results in broader ranges of possible values, but the results of this study remained consistent using these widened ranges, hopefully reinforcing the validity of the conclusions.
There were a few notable limitations to this analysis. First, the value and estimation of missed work is controversial. To account for this, we utilized multiple reports of missed work during the immobilization period 11, 25, 27 and chose conservative estimates to avoid overemphasizing the effect of missed work. Similarly, the utility loss for time spent immobilized in the cast is also controversial. However, the numbers used in this analysis were generated by rigorous methodology explicitly designed for this clinical scenario 34 . Additionally, it is difficult to quantify the risk and consequences of a symptomatic scaphoid nonunion and the costs and losses of health utility associated with nonunion and surgical procedure. Again, we used deliberately bleak estimates to overestimate the negative effects of a missed fracture. We are reassured that advanced imaging was consistently the dominant strategy despite conservative accounting of this uncertainty. Furthermore, because of the relatively poor quality of cost data, estimates from several sources from the United States and other countries were used. It is reassuring that even when combining the highest costs for advanced imaging found anywhere with the lowest costs for empiric immobilization and follow-up radiography costs found anywhere, advanced imaging is still more costeffective. This makes the finding relevant both in the United States and around the globe.
In addition, the type of immobilization was not considered in depth. Although additional immobilization of the thumb adds a theoretical reduction in scaphoid stress, several randomized controlled trials have been unable to demonstrate a difference in union rate between immobilization with or without inclusion of the thumb 50, 51 . Additionally, we assumed that clinical outcomes were the same for all identified fractures treated with immobilization, regardless of whether they were diagnosed with two-week follow-up radiographs, MRI, or CT. As such, altering the type of immobilization, even if different casts had different union rates, would not have changed outcomes between groups as identified scaphoid fractures would have been treated equivalently. In effect, our major clinical outcome modeled was only the excess nonunion burden from patients with fractures that were missed by CT and MRI and not treated (which is why there were no nonunions or resultant operations modeled in the empiric treatment arm). Finally, we suspect that return to work would be even slower with a thumb spica cast, as it is even more cumbersome, and thus would increase the economic burden of immobilization. However, this has not been proven in the literature.
Like any model, the algorithm used in this study cannot encompass every clinical scenario that might be faced by the clinician. For example, patients who continue to have pain but with negative imaging would be a possibility in all arms of the treatment algorithm (immobilization, immediate CT, or immediate MRI), so the costs of additional evaluation and treatment should not add additional costs to any one arm of the decision tree. The only exception is that patients who underwent immediate full wrist MRI may already have had the next step in advanced imaging on the day of injury, so this might actually improve the performance of immediate MRI.
The results of this study are meant to expand, not contract, the treatment options available to patients with suspected scaphoid fracture. The ultimate decision on casting compared with further imaging should be made jointly with the patient in a shared decision-making discussion, rather than prescribed to them on the basis of the quantitative results of this study.
In summary, for patients with concern for acute occult scaphoid fracture, immediate advanced imaging is the dominant diagnostic strategy, meaning that it results in decreased net costs and improved health utility outcomes. Under most commonly published performance and cost characteristics, MRI may be slightly more cost-effective than CT, although this may change as improved imaging protocols are developed. Future research should focus on quantifying these improvements and better understanding the prevalence and long-term sequelae of these injuries. n
